Here we describe the crystal structures of the NAD kinase (LmNADK1) from Listeria monocytogenes in complex with its substrate NAD, its product NADP or two synthesized NAD mimics. We identified one of the NAD mimics, di-adenosine diphosphate, as a new substrate for LmNADK1, while we showed that the closelyrelated compound, di-(5'-thio-adenosine) is a novel non-natural inhibitor for this enzyme. These structures suggest a mechanism involving substrate-assisted catalysis.
With the emergence of antibiotic resistance worldwide, the search for new antibacterial compounds has become increasingly important (1) . NADKs represent an attractive and novel drug target for antibiotic discovery. Indeed, NADKs (EC 2.7.1.23) were recently shown to be essential for growth in many bacteria (2-4) including various human pathogens such as Mycobacterium tuberculosis (5) , Staphylococcus aureus (6) , Streptococcus pneumoniae (7) , Salmonella enterica (8) and Pseudomonas aeruginosa (Jacobs, Urbach and Ausubel, personal communication). NADKs are ubiquitous enzymes involved in the last step of the biosynthesis of NADP catalyzing the transfer of a phosphate group on the substrate NAD to produce NADP in the presence of both ATP and Mg
2+
. NADKs are also involved in the tight regulation of the NADH/NADPH ratio (8) . Both NAD(P) and NAD(P)H are essential cofactors for a large number of enzymes involved in various metabolic pathways such as oxidoreductases. This activity of NADKs has been well known for decades, but their genes were cloned only recently (9) , subsequently leading to rapid identification of NADK orthologs in many organisms from bacteria, archea, plants and human (Pfam PF01513). Bacterial and human enzymes show significant functional and sequence divergences and the NADK activity in human cells is low (10) .
However, despite recent advance in the characterization of NADKs, the reaction mechanism is not well understood, and some original features of NADKs remain unexplained: Firstly, during catalysis, the phosphorylation occurs specifically on 2'-hydroxyl of the adenosine moiety of NAD, and not on the neighboring 3'-hydroxyl. Secondly, the specificity for the catalytic dication is low (Mn 2+ , Ca 2+ , Zn
, Co 2+ and Fe 2+ appear equivalent to Mg 2+ ) (11) whereas it is generally high in other wellcharacterized kinases. Furthermore, the dication binding motif is yet unknown. Finally, most NADKs use as a phosphodonor various nucleoside triphosphates (9, 12, 13) . Polyphosphates can also act as a donor but only for NADKs from Gram(+) bacteria and from mycobacteria (9) . On the contrary, the human NADK counterpart preferentially uses ATP (7% activity with GTP) (10) .
The recent determination of the crystal structures of NADKs from Mycobacterium tuberculosis and Archaeoglobus fulgidus, unbound or in the presence of NAD or NADP, allowed to more clearly locate the active site (14) (15) (16) , but the precise reaction mechanism remained speculative (15) .
We now report crystal structures of NADK from the human pathogen Listeria monocytogenes (LmNADK1) 1 , as a first representative of the enzymes from Gram(+) bacilli. The crystal structures of LmNADK1 ligand-free or in complex with its natural substrate or its product were solved at 2.3, 2.1 and 2.1 Å, respectively. Furthermore, we designed and synthesized two molecules mimicking NAD: di-adenosine diphosphate and di-(5'-thioadenosine). Additionally, we characterized two mutants whose function but not their structure was affected.
Our analysis highlights important, and previously unnoticed, features of the NAD reaction mechanism: (i) We reveal the molecular basis for the 2'-hydroxyl specificity of NAD, (ii) we show that NADKs and the structurally related PFKs use the same catalytic GGDGT motif in a different manner and (iii) we suggest that the diphosphate group of the substrate plays the role of a dication chelator, revealing a mechanism involving substrate-assisted catalysis.
EXPERIMENTAL PROCEDURES
Chemicals, Bacterial strains, plasmids. The oligonucleotides were synthesized by MWGBiotech. The restriction enzymes were purchased from Biolabs and Roche. Vent DNA polymerase, Tfu DNA polymerase was from Qbiogene. and T4 DNA ligase were purchased from Biolabs. Isopropyl-β-D-1-thiogalactopyranoside (IPTG) was from ICN Biomedical inc. Isocitrate dehydrogenase from porcine heart, sodium isocitrate, NAD, nucleosides triphosphates were from Sigma or Boehringer. The kits used for plasmid preparation were from either Sigma or Macherey-Nagel. Genomic DNA of Listeria monocytogenes strain EGD-e was a gift of P. Cossart (Institut Pasteur). The E. coli strains NM554 and BL21(DE3)/pDIA17 was purchased from Stratagen and Novagen.
Cloning, site-directed mutagenesis and expression in E. coli. The NAD kinase 1 (EC 2.7.1.23) coding sequence was amplified by PCR from the genomic DNA isolated from Listeria monocytogenes strain EGD-e, by using the Vent DNA polymerase, dNTPs and the following primers:
The amplified DNA was cloned into the expression vector pET22b (Novagen) at the NdeI and XhoI restriction sites (underlined) giving the following plasmid pLA15.3.3. Site-directed mutagenesis was performed using the double PCR method by using the Tfu DNA polymerase the two above primers and the following mutagenic primers : D45N, 5'-AGACAGAAATGTTCCATTGCCACC AATAGAAAT-3' H223E, 5'-ATGCAAAATGCTCAGCTCGTCTAC AGAAATTTG-3' The final PCR products were purified and cloned into the pET22b vector at the NdeI and XhoI restriction sites. The mutated genes were sequenced and the corresponding plasmids were then used for transforming the E. coli strain BL21(DE3)/pDIA17 for protein expression.
The transformants were grown at 37°C in 2YT medium in the presence of chloramphenicol and ampicillin at 30 µg/ml. When the absorbance reached at least 1.5 OD at 600 nm, the expression of the both recombinant proteins was then induced by the addition of 1 mM IPTG and the growth was continued for three more hours at 37°C. The cells were then pelleted by centrifugation and served as source for protein purification. For production of the selenomethionine derivative, selenomethionine was incorporated in place of methionine while the cells were grown in M9 minimum media supplemented with 20 mM glucose, 2 mM magnesium sulfate, ampicillin (30 µg/ml) and chloramphenicol (30 µg/ml) at 37°C. When the OD at 600 nm reached 0.5, the medium was supplemented with the amino acids lysine, threonine, phenylalanine at 100 mg/ml and leucine, isoleucine, valine and selenomethionine at 50 mg/ml. After 30 min, the expression was induced by addition of 0.5 mM IPTG for 16 hours at 37°C. Soluble protein was purified using cobalt-agarose affinity chromatography, followed by size exclusion chromatography. The protein was concentrated to 6-7 mg/ml in 25 mM sodium acetate, pH 5.2. The mutants were produced as described above for the wild-type enzyme and showed similar characteristics as monitored by SDS/PAGE, dynamic light scattering, and circular dichroïsm (data not shown).
Enzymatic assay. The NAD kinase activity was determined by measuring the NADP produced by using isocitrate dehydrogenase as a coupling enzyme. Kinetic parameters for ATP were obtained by fitting data to the Michaelis-Menten equation.
Kinetics parameters for NAD were obtained by fitting data to the Hill equation. For determination of ADP produced, enzyme was incubated in 50 mM sodium phosphate pH 7.5, 100 mM NaCl, 10 mM MgCl 2 with substrates or inhibitors at various concentrations for 30 min at 30°C. Cobalt resin was added to the sample for removal of the protein and centrifuged. The supernatant was tested for ADP production in 50 mM Tris-HCl pH 7.4, 50 mM KCl, 1 mM phosphoenolpyruvate, 0.2 mM NADH, 2 units each lactate dehydrogenase, pyruvate kinase and the decrease of absorbance was measured at 340 nm at 30°C using a spectrophotometer Eppendorf ECOM 6122. Phosphorylation of DTA was tested at rather high concentration of substrate (3mM) due to the low overall activity (no activity detected at 1 mM) of the wild-type and mutant enzymes.
Crystallization. Initial crystallization conditions of LmNADK1 were found by using a hanging-dropbased sparse-matrix screening strategy. The best crystals were obtained by mixing 1 µl of the protein solution (concentration 11-15 mg/ml) with an equal volume of crystallization buffer (0.3 M potassium chloride, 50 mM tri-sodium citrate dihydrate, pH 5.6, 15-20% w/v polyethylene glycol 400), equilibrated over 0.5 ml of the same buffer. Two independent crystal forms were grown in nearly identical conditions in the presence of 10 mM iodine (apo structure, space group P2 1 ) or in the presence (holo structure, space group I222) of 10 mM 5'-thioacetyl-adenosine (TAA, Fig. 1C ). The complexes with bound NAD, NADP and NAD mimics were solved using crystals in the orthorhombic form. After growing them in presence of TAA, crystals were washed in the mother liquor and soaked with millimolar concentration of the desired ligand in a pre-equilibrated hanging-drop.
Crystallographic Studies. X-ray diffraction data sets were collected from frozen single crystals at the European Synchrotron Radiation Facility (Grenoble, France, beamlines BM30A, ID14, and ID23) and processed with the programs MOSFLM, SCALA, and TRUNCATE from the CCP4 program suites (18) ( Table 1 and Table 2 ). The structure was solved by using a multiple-wavelength anomalous diffraction experiment from a highly redundant 4 Å data set of the selenomethionine-labeled protein.
Twenty-two of 24 Se sites were found by direct methods with the program SHAKE'N'BAKE (19) and refined with the program SHARP (20) . Electron density modification was performed with SOLOMON (20) . A molecular replacement solution was obtained using the program PHASER (21) and the crystal structure PDB # 1U0R (14) . Phases derived from MAD data and from molecular replacement were then combined using the program DMMULTI (22) . Four-fold NCS was applyied in DMMULTI (22) and during the first steps of refinement in REFMAC5 as implemented in CCP4 (18). Iterative model rebuilding and refinement was performed first by using the program O (23) and then the program COOT (24) and the program REFMAC5, using a translation/libration/screw model (25) against the native data set at 2.4-Å resolution. In the final model, short segments of the protein (loops 69-TGHL-72, 110-GIGKK-114 and 129-SGGP-132) are not clearly visible in the electron density map. Similarly, the last residue and/or the affinity-tag (monomers A, C and D) or the last five histidines (monomer B), could not be modelled.
Molecular replacement was performed to solve the first structure in orthorhombic form. Subsequent determinations were performed on isomorphous crystals. Refinement was performed using REFMAC5 using the same translation/libration/screw model. As in the case of the monoclinic form, some side chains and several short segments of the protein (mainly loops 69-TGHL-72, 110-GIGKK-114 and less frequently 129-SGGP-132) are not clearly visible in the electron density map. Similarly, the last residue and/or the affinity-tag could not be modelled in most protein-ligand complexes.
Figures of ligands and corresponding electronic density were generated using PyMOL (http://pymol.sourceforge.net).
Chemical synthesis. Solvents were spectroscopic or HPLC grade. 1 H and 31 P NMR spectra were recorded on a Bruker Avance 400 spectrometer, operating at 400.13 MHz and 161.97 MHz, respectively. Preparative and analytical HPLC were carried out on a Perkin Elmer system (200 Pump) using a C18 reverse phase column (Kromasil, 5µ 100 Å) at a flow rate of 5.5 ml/min. or 1 ml/min and a linear gradient of CHCN in 20 mM triethylammonium acetate buffer at pH 7.5 over 20 min. Mass spectra were recorded at the mass spectroscopy laboratory (CNRS-ICSN, Gif-surYvette).
TAA was synthesized from commercially available 2',3'-isopropylidene-adenosine and thioacetic acid under Mitsunobu conditions as previously described (17). The acetonide group was then removed in aqueous formic acid to yield after purification by silica gel chromatography TAA in a total yield of 60%. 5'-thioadenosine (TA, Fig. 1C) was obtained from TAA by hydrolysis using a mixture of MeOH/H2O saturated with ammonia under oxygen free conditions. The chemical structure of TA was confirmed by NMR and mass analysis, its purity (absence of disulfide formation) was checked by reverse phase HPLC analysis and compared with DTA as control. Di-adenosine diphosphate (Ap2A, Fig. 1B ) was prepared by condensation of 5'-phosphomorpholidate of adenosine (26) and adenosine 5'-monophosphate as tributylammonium salt in anhydrous DMF. After purification by reverse phase HPLC, Ap2A was isolated as sodium salt in 50% yield.
RESULTS

Overall Structure and Topology
Two independent crystal forms were grown in nearly identical conditions in the absence (apo structure, space group P2 1 ) or in the presence of an adenosine analogue (holo structure, space group I222) named 5'-thioacetyl-adenosine (hereafter TAA, Fig. 1C ). First, we determined the apo structure of LmNADK1 in the P2 1 crystal form. Initial molecular replacement trials using 2.4 Å resolution data from native P2 1 crystals, and the structure of the mycobacterial NADK (14) , which is only 24% identical in sequence to LmNADK1, yielded a solution with plausible crystal packing and score above noise level. However this model could not be easily refined. Structure determination was only successful once this molecular replacement solution were combined with low-resolution (4 Å) multiple-wavelength anomalous diffraction data from a selenomethionine derivative, and subjected to four-fold averaging. The resulting electron density allowed rebuilding and refinement of the LmNADK1 tetramer using native data to 2.4 Å resolution (Table 1) . Then, the structure of the second crystal form (space group I222) was solved by molecular replacement using the native structure (Table 2) .
LmNADK1 is a homotetramer of approximate dimensions 100 × 60 × 50 Å (Fig. 2) . In the monoclinic crystal, one tetramer is observed in the asymmetric unit and corresponds to the biological tetramer. Only one monomer is present in the orthorhombic form and the biological tetramer was deduced from the crystallographic symmetries. The tetrameric arrangement is very similar to that described for the other NADKs, and corresponds to a dimer of dimers, stabilized by large interfaces (~3500 A²) between the C-terminal domains.
The monomer structure of LmNADK1 is very similar to one of homologues from M. tuberculosis and A. fulgidus, showing root mean square deviations of 2.2 and 2.4 Å, respectively. Nevertheless, some structural features in the Cterminal domain appeared specific to the NADKs from Gram(+) bacilli, in particular a sequence motif 188-NnrvfR-193 in the vicinity of the bound nucleobases, corresponding to a small loop absent in other NADKs (Fig. S1) .
Within each monomer, the polypeptide chain is organized into an N-terminal and a Cterminal domain (Fig. 2) . The C-terminal domain adopts an original topology composed of two β-sheets arranged in an antiparallel 12-stranded β-sandwich. It comprises most of the motifs strictly conserved among NADKs, including the motif 150-DG///sTPsGsTAY-163 involved in NAD recognition (27) (where '/' stands for any hydrophobic residue, lower/capital letters for partially/strictly conserved residues, respectively) (see supplemental data Fig. S1 ).
The N-terminal domain is composed of 5 β-strands and 3 α-helices. In LmNADK1 and in its orthologs from other Gram(+) bacteria, the Nterminal domain is shorter than in other NADKs due to the loss of the second α-helix. This domain harbors the well-conserved motif GGDGT. Beside this motif, little conservation is observed in agreement with the low level of specificity for the phosphate donor (which can be polyphosphate or any nucleoside triphosphate).
Binding of Natural Substrates to LmNADK1
To investigate the catalytic mechanism, we next tried to obtain crystal forms of LmNADK1 bound to NAD or NADP. Despite several attempts of soaking and co-crystallization with NAD or NADP, monoclinic P2 1 apo crystals failed to reveal electron density corresponding to these ligands. Soaking of NAD or NADP was finally successful with the second crystal form, I222. The ligand TAA was washed out, and successfully replaced by NAD or NADP. Since apo as well as NAD and NADP bound crystals yielded near 2 Å data sets (Table 2) , the catalytic mechanism can be analyzed in more detail ( Fig. S2 and S3) .
Despite the change in crystal forms, the overall structures of the apoenzyme and the bound states were highly similar, with only small reorientation of the two domains (Fig. 2) , as well as of a few side chains in the substrate binding site (root mean square deviation of 0.15-0.53 Å for isolated 4 4 N-terminal and C-terminal domains, versus 0.47-0.75 Å for full-length chains).
As in other NADKs, the dinucleosidediphosphate binding site of LmNADK1 was formed at the interface between the two domains. The conserved motif from the N-terminal domain faces those from the C-terminal domain at the edges of the interfacial groove.
Two distinct binding pockets, named sites A and N, accommodate the adenosine and the nicotinamide-ribose, respectively (supplementary data Fig. S2 and S3) . While the site A is composed of residues from only one monomer, the site N includes an aspartate (Asp-150' in LmNADK1) and an alanine (Ala-185') from a second monomer.
In the site A ( Fig. S2 and S3 ), the adenine ring is sandwiched between the side chain and the carboxylate of Ala-162 and part of the side chains of Asp-45 and Phe-74. Specific recognition of the adenine moiety involves mainly two residues: Asn-122 and Thr-161. Their side chains are hydrogenbonded to the N6 amino group and the N7 and N3 nitrogens of the adenine. These two residues are well-conserved in most NADKs and participate in an intricate hydrogen-bond network involving the neighboring side chain of Tyr-75 and the Ser-158 carboxylate. In turn, the hydroxyl of Ser-158 is also hydrogen bonded to the hydroxyl of Tyr-75. On the contrary, few interactions are observed with the ribose moiety of adenosine beside the hydrogen bond between the Asp-45 and the 2'-hydroxyl of NAD. Disruption of this contact in LmNADK1-NADP complex is accompanied by a slight reorientation of the ribose (see below), while the 2'-phosphate group is hydrogen-bonded to the backbone of the second and third glycines of the motif 43-GGDGT-47.
In the site N ( Fig. S2 and S3 ), nicotinamide binding induced only a subtle rearrangement: the small rotation of the side chain of Tyr-163. The aromatic ring of the nicotinamide stacks onto the tyrosine ring. Both the hydroxyl of this tyrosine and the amide group of the nicotinamide are hydrogenbonded to a conserved Asp-150' from another subunit, as observed in other NADKs (15, 16) . The amide group of the nicotinamide forms additional hydrogen bonds with the mainchain carbonyl of Ala-185' and the side chain of Ser-166. Recognition of the ribose attached to the nicotinamide is ensured by three hydrogen bonds through its 2' and 3'-hydroxyl groups with the side chains of Asn-122 and Asp-123. This network of interactions ensures that the other natural dinucleoside diphosphate compound, FAD, will not enter the site N.
While the recognition of the nucleobase moieties is made through various interactions, few contacts are observed between the protein and the two phosphate groups of the NAD molecule. The diphosphate link (group linking the nucleosides) is solvent-exposed and showed alternating conformations with significant mobility. Only one histidine (His-223) was hydrogen-bonded to one of the two phosphate groups (Fig. S2) . The ribose of the adenosine moiety is also rather solvent-exposed. This raised the question of the basis for the specific 2' phosphorylation of NAD by NADKs.
The role of the conserved GGDGT motif
The conserved GGDGT motif of NADKs has been suggested to be catalytically important and to be involved in nucleotide binding (28) or in phosphate transfer (15) .
Previous sequence comparisons had revealed that the conserved motif GGDGT of NADKs corresponds to a consensus signature '/d/////gGdgs' which is well conserved in four kinase families: NAD kinases, sphingosine kinases, eukaryotic diacylglycerol kinases and phosphofructokinases (PFKs) (28). PFKs phosphorylate D-fructose 6-phosphate using ATP as a phosphodonor (29) (EC 2.7.1.11; Pfam PF00365). From the crystal structure of PFKs, it was deduced that in the consensus sequence, glycines interact with the phosphates of the phospho-donor (ATP) and the second conserved aspartate is involved in chelation of the catalytic dication in order to activate the phospho-donor (29) . Using our crystal structure, we performed structural comparison between the NADK-NAD and PFK-ATP complexes. It revealed that the two-domain organization of NADKs was reminiscent to those of PFKs. In both cases, the active site lies at the hinge separating the two domains. However, the Cterminal domains of NADKs and PFKs adopt two distinct architectures, whereas the N-terminal domains adopt a very similar fold (70 Cαs from their N-terminal domains superimpose with a root mean square deviation of 3.5 Å) (Fig. 3) . Nevertheless, in PFKs and NADKs, the common GGDGT motif is similarly positioned at the twodomain interface, suggesting a similar role in catalysis.
Surprisingly, in NADKs, the central aspartate is oriented in an opposite direction, incompatible with its role in PFKs (Fig. 3) . Because this position is conserved in NADKs from M. tuberculosis and A. fulgidus, these data suggest that 5 5 even if NADKs and PFKs belong to the same superfamilly, their enzymatic mechanisms differ.
The conformation of Asp-45 varies slightly between apo, NADP and NAD bound states of LmNADK1. In the unbound LmNADK1 structure or in the presence of the reaction product NADP, the Asp-45 of the GGDGT motif is hydrogen bonded to three backbone amide groups which belong to residues 73-75 whose side chains are involved in adenine binding. In contrast, in LmNADK1-NAD, the side chain of Asp-45 becomes hydrogen bonded to 2'-hydroxyl group of NAD and two NADK backbone amide groups (residues 74-75). This rearrangement (Fig. S3 ) is accompanied by a concomitant change in the orientation of the ribose of the adenosine moiety (relative to its nucleobase).
To investigate the role of Asp-45, we determined the crystal structure of the LmNADK1-D45N mutant, using the I222 TAA-bound crystal form. After washing and soaking with NAD, 2.2 Å data could be collected from these crystals ( Table  2 ). The mutant structure showed only minor changes, and its active site was similar to that of the wild-type enzyme with the ligand present in the same conformation (see supplemental data Fig. S4 ). The asparagine adopted the same buried conformation as the aspartate, but did not form any hydrogen bond with NAD.
The mutation Asp45Asn resulted in a tenfold decrease in activity (Table 3) . Asp-45 appears clearly as a key residue for the catalytic activity of LmNADK1. This central and buried aspartate seems to have a structural role, but at the same time, it may also participate in the catalysis by attracting the hydrogen of the 2'-hydroxyl group. This role may be essential for the specificity of the catalyzed phosphorylation. Indeed, the neighbouring 3' hydroxyl is solvent exposed with no direct contact with the protein and it remains unreactive.
In most known kinases, including PFKs, conserved and catalytic acidic residues activate Mg 2+ -ATP directly, priming it for the phosphate transfer. In contrast, our results show that in NADKs, the corresponding aspartate (Asp-45 in LmNADK1) can not fulfill this role. The absence of other conserved acidic residue in the vicinity of the substrate, suggested that a distinct reaction mechanism was involved. This raised the question of the presence of an activator of the phosphodonor, and of a chelation site for the required dication.
Ligand recognition and reaction specificity
Our results so far showed that the specific position of Asp-45 led to its interaction with the 2'-hydroxyl of NAD, rather than with the di-phosphate link. The absence of strong recognition between the diphosphate groups of NAD and NADKs let us to suggest the rational design of new ligands. Various linkers might be used as a replacement for the phosphate groups to bridge the two nucleobases of NAD. We synthesized 5'-thio-adenosine (TA, Fig.  1C ) and its S-acetylated form (TAA, Fig. 1C) as precursors of NAD mimics. The structures of LmNADK1 in complex with each of these adenosine analogues (Table 2) showed few variations compared to the unbound structure and to those in complex with NAD or NADP. Surprisingly, these compounds bind in a dimeric form in the NAD binding site of LmNADK1 and occupy both sites A and N. In both complexes, the adenosine scaffold which occupied the site A is oriented like the adenosine moiety of NAD. The second adenosine perfectly mimics the nicotinamide and its ribose, and showed very similar interactions with the protein despite the change of ring nature (Fig.  S5) . Compared to NAD, only slight differences are observed in the relative orientation of the nucleobases and a small shift in the position of the water molecule bridging them. The crystal complexes showed that acetyl groups of TAAs point toward each other (distance S5'-S5': ~ 5 Å), while in the deprotected form (TA) a disulphide bridge (distance S5'-S5': 2.0 Å) covalently linked the compound into a dimer named di-(5'-thioadenosine) (DTA, Fig. 1C and Fig. S5 ). This latter might have formed in solution in absence of reductant. In conclusion, the dimerization of 5'-thioadenosine appeared to have mimicked a complete natural di-nucleotide substrate.
Enzymology experiments confirmed the competitive inhibition by these two synthetic compounds with Ki values of 3.6 mM and 0.02 mM for TAA and DTA, respectively. These affinities are low, but similar to those observed for the natural ligands NAD (Km ~ 1 mM) and NADP (Ki ~ 0.04 mM). Intriguingly, the two novel inhibitors possessed a 2'-hydroxyl readily accessible for phosphorylation by LmNADK1. Furthermore, the ribose moieties occupy strictly identical positions in the NAD and DTA bound crystal structures (see Fig. 4A ). However, no phosphotransfer in presence of ATP could be observed (data not shown). This prompted us to synthesize a closer mimic of both DTA and NAD: di-adenosine-diphosphate (Ap2A, Fig. 1B, Fig. 4B and Fig. S6 ) to investigate the role 6 6 of the phosphate groups in catalysis and the potential impact of the nucleobase substitution.
The structure of Ap2A bound to LmNADK1 was also solved to a resolution of 2.2 Å (Table 2) . It showed that the new ligand adopted a conformation highly similar to that of DTA, and perfectly mimicked NAD. Moreover, in the structure solved after crystal soaking with both Ap2A and Mg 2+ -ATP, a clear density corresponding to Ap2A bearing a 2' phosphate group was observed (2'-phospho-Ap2A, Fig. 1B and Fig. S6 ), inferring that Ap2A could be used as a substrate by LmNADK1, in contrast to TAA and the closely related DTA.
These results revealed that the presence of a correctly oriented 2'-hydroxyl in DTA is not sufficient for the catalysis to occur. Moreover, the presence of the diphosphate groups of the substrate seems to be important. Even though we failed to identify electron density for bound metal ions (Mg 2+ or Mn 2+ ), this suggested that the negatively charged phosphates might be involved in the dication chelation.
To evaluate the putative substrate-assisted catalysis, a new directed mutation was performed. The histidine H223 is the only residue whose sidechain transiently interacts with the phosphate groups (see above). This histidine was mutated to glutamate in order to introduce a negatively charged residue. The glutamate was predicted to be able to chelate a dication. This mutant was twice less active than the wild-type (0.47 versus 1.1 U/mg) on the biologically-relevant substrate NAD. On the contrary, its activity toward DTA is increased twofold (from 0.13 to 0.24 U/mg). The crystal structure of the mutant H223E explained the low activity, because the glutamate sidechain folded back in a buried position. E223 forms hydrogen bonds with its own backbone nitrogen and the sidechain of the histidine 53 (data not shown) preventing a higher impact on catalysis. However, the observed change in the ratio of enzyme activity on NAD versus DTA for the wild-type and the mutant enzymes confirmed the proposed substrate-assisted mechanism.
This mechanism would explain the low dication specificity and at the same time provide the molecular basis for specific productive recognition of dinucleotide-diphosphate substrates.
DISCUSSION
NADKs from Gram(+) bacteria represent a promising novel therapeutic target for a whole spectrum of human pathogens including bacilli and staphylococci. Here, we have determined the crystal structures of NADK from L. monocytogenes in the free state, and bound to NAD, NADP, and two nonnatural ligands.
In contrast to the previously reported complexes of NADK-NADP and NADK-NADs from M. tuberculosis and A. fulgidus (15, 16) , all our structures were determined at near 2 Å resolution, allowing a more detailed analysis of the changes accompagnying the catalytic reaction. This is especially true for the aspartate of the conserved motif GGDGT. Our analysis revealed that the aspartate of the conserved GGDGT motif has a different catalytic role in PFKs and NADKs. In PFKs this conserved residue is involved in ATP activation, while in NADK it is involved in NAD activation.
Indeed, based on these structures, in combination with site-directed mutagenesis and enzymology experiments, we propose that in NADKs, the conserved aspartate is involved in proton abstraction from the 2'-hydroxyl of NAD to activate the phospho-acceptor. This explains why NADK phosphorylates only the 2'-hydroxyl of adenosine, and not the functionally equivalent 3'-hydroxyl. In addition, our results infer that the diphosphate group of the substrate plays the role of a dication chelator, revealing a mechanism involving substrate-assisted catalysis (Fig. 5) . Together, these two aspects of this mechanism would cooperatively ensure the specificity of the catalyzed reaction. Thus our results yield important insights into the specificity and mechanism of the catalytic action of NADKs.
Nevertheless, this mechanism might be extended to the families of diacylglycerol/ sphingonsine kinases (30, 31) . The first structure (PDB # 2JGR) of a member (YegS) of this protein family was recently solved (32) . Structural comparison highlighted that the aspartate of the well conserved GGDGT motif adopts the same position (supplementary data, Fig. S7 ). In this structure, a pyrophosphate group interacts with residues from the GGDGT motif (mainly the last glycine and the threonine). It potentially mimics the phosphate donor. However, in both NADKs and the related lipid kinases, the precise orientation of the phosphate donor and/or the position of the catalytic dication remain presently unresolved.
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As a first step toward designing new inhibitors for LmNADK1, we have described herein the structural and enzymatic characterization of two novel compounds mimicking NAD, namely Ap2A and DTA, the latter representing a novel synthetic inhibitor for NADK. Building tighter links between the two nucleobases would lead to more efficient inhibitors. 3 Rwork = Σhkl⏐Fobs -Fcalc⏐/Σhkl ⏐Fobs⏐x100. 4 Rfree.is calculated in the same way on a subset of reflections that are not used in the refinement (5 %). 5 Deviation from ideal values. Figure 1 
